suggested that a steroid dehydrogenase with dual nucleotide specificity is responsible for steroid-dependent transhydrogenation, with one site on the enzyme for which both nucleotides compete. At the stage of enzyme purification reached in the present work it has not been possible to separate NAD-or NADP-linked 3oc-hydroxy steroid-dehydrogenase activities from the transhydrogenase activity. It has been found, however, that ammonium sulphate stimulated the NADlinked dehydrogenase but not the NADP-linked dehydrogenase activity.
Aromatic biosynthesis, except for partial synthesis of the steroid nucleus in the oestrogens, is known not to occur in animal tissues. Therefore it was considered that coenzyme Q (ubiquinone), a benzoquinone, may in some measure be a vitamin (Morton, 1958) . However, a state of deficiency in coenzyme Q could not be produced in rats by any of the known synthetic diets (Lawson, Threlfall, Glover & Morton, 1961; Olson, Dialameh & Bentley, 1961) . Further, several lines of evidence (summarized by Ramasarma, 1961) rule out the possibility of intestinal bacteria being the source of coenzyme Q. Olson et al. (1961) showed that uniformly labelled phenylalanine was incorporated into coenzyme Q and established that phenylalanine serves as the precursor of the quinone nucleus. It is logical therefore to expect that changes in the concentration of dietary protein, and consequently of phenylalanine, will affect the amounts of coenzyme Q in the tissues.
EXPERIMENTAL
The diet contained 5% of groundnut oil, 5% of salt mixture (U.S. Pharmacopeia, 1947) , casein in the percentage mentioned in the text, 10% of cane sugar and starch to 100%. Each rat received 0 5 ml. of vitamin B-complex solution (U.S. Pharmacopeia, 1947)/day. Vitamin A (250,ug.) , vitamin D (1-5jg.), tocopherol (2mg.) and vitamin K (0*05 mg.) were given to each rat weekly. Water was supplied ad libitum. The diet contained 90,um-moles of coenzyme Q/100 g.; the major part of this is present in the groundnut oil, so that all the diets, irrespective of their protein contents, have nearly equal quantities of coenzyme Q. The rats were kept in galvanized-iron cages (two per cage), and there was no possibility of adventitious protein or coenzyme Q becoming available for consumption.
In the first set of experiments, 12 adult female albino rats, each weighing about 150 g., were used. They were divided into two groups of six rats each, one group receiving the diet without protein, and the second group receiving the diet with 20 % of protein, for 3 weeks.
In the second set of experiments, weanling albino rats of both sex, each weighing about 50 g., were employed. Four groups containing six rats in each were fed ad libitum with protein-free diet. One group was killed in the beginning and the other three groups at the end of 10, 20 and 30 days respectively.
In the third set of experiments, weanling albino rats of both sex, each weighing about 45 g., were employed. Six groups containing six rats in each were fed ad libitum, the diet containing 0, 6, 12 or 20% of casein, for 3 weeks. Two groups received (a) DL-fl-phenylalanine (50 mg./rat/day) or (b) coenzyme Qlo (0-3 mg./rat on alternate days) with the diet containing 6 % of protein.
At the end of the experimental period the animals were killed after ether anaesthesia. Liver, heart, kidney, spleen and brain were removed and weighed. Since a large number of samples were involved organs of the same group were pooled for analysis as recommended by Edwin, Diplock, Bunyan & Green (1961) . It has been show-n by these authors and confirmed in this Laboratory that such pooled analyses are statistically as significant as the analyses made with individual organs.
Portions of the liver were removed from each group and 10% homogenates were prepared in 0 25M-sucrose solution with a Potter-Elvehjem-type glass homogenizer. Cell fractions were obtained by the conventional differential fractionation procedure of Schneider & Hogeboom (1950) .
Protein in all the aqueous homogenates as well as in the mitochondrial fractions (with added deoxycholate; 0-1 ml., 1 %) was estimated by the biuret method (Gornall, Bardawill & David, 1949) .
Succinoxidase activity was measured manometrically according to Schneider & Potter (1943) .
Homogenates (10 ml., 10%) of organs were saponified under reflux with 1 ml. of 40 % sodium hydroxide in 75 % ethanol, in the presence of 1 ml. of ethanolic 5 % pyrogallol, for 30 min. Coenzyme Q, ubichromenol and tocopherol in the unsaponifiable matter were separated by the use of the reverse-phase paper-chromatographic system of Lester & Ramasarma (1959) . The spots corresponding to coenzyme Q, ubichromenol and tocopherol were cut out and extracted with 3 ml. of chloroform followed by 3 ml. of light petroleum (b.p. 40 60°), and the compounds were estimated by the bipyridyl-ferric chloride method (Jayaraman & Ramasarma, 1961 ).
[14C]Coenzyme Qlo, prepared by chemical synthesis, labelled in the first two carbon atoms of the side chain shown by asterisks in Fig. 1 (specific activity 10,uc/mg.), was used. The labelled compound (1.0,uc, as aqueous emulsion) was given orally to two rats each in the 0, 6, 12 and 20 % protein dietary groups. After 12 hr. the rats were killed after ether anaesthesia and the livers removed for analysis. The livers were saponified and the radioactivity in the unsaponiflable matter was measured. All the samples were plated on aluminium planchets and counted in the Geiger counter (Nuclear-Chicago Corp. model 151 A) and the counts were corrected for self-absorption and background.
RESULTS
Protein 8tatus and coenzyme Q. Deprivation of protein in the diet resulted in lowering the amounts of coenzyme Q and ubichromenol in only two organs of the adult rat: liver and heart (Table 1) . The two compounds decreased in content expressed either as ,um-moles/g. of tissue or as ,m-moles/ whole organ, whereas the average weights of organs had not changed to any large extent. Other organs tested, kidney, spleen and brain, contained small concentrations of coenzyme Q and ubichromenol and the changes were insignificant. Tocopherol contents of the tissues suffered no marked changes.
In the second set of experiments it was observed that on protein deprivation the amounts of coenzyme Q, ubichromenol and tocopherol in liver and heart decreased to a considerable extent after 10 days, and there were no marked changes in coenzyme Q content during other time-intervals (Table 2 ). In this set of experiments, the individual liver samples were analysed for coenzyme Q content and the values of means and standard deviations are given in Table 2 . These agree with the values of analysis of pooled samples and confirm the decrease in coenzyme Q contents of livers during protein starvation.
In the third set of experiments weanling rats were used and the scope was extended by comparing the percentage of protein in the diet in relation to the contents of coenzyme Q, ubi- chromenol and tocopherol in the organs (Table 3) . The contents of coenzyme Q and ubichromenol increased in liver and heart with the increasing percentages of protein in the diet fed to rats. The 'initial' amounts, analysed in a group before the start of the experiment, were nearly maintained with minimal (6 %) protein in the diet, but with complete deprivation of protein these amounts decreased. No significant changes were found in kidney, spleen and brain. Tocopherol content was high in livers of animals fed on greater amounts of protein. Random variations in the tocopherol content of kidney, spleen and brain could not be correlated with protein status of the rat.
Protein 8tatu8 and 8Uccinoxida8e activity. Since the coenzyme Q content in the liver was lowered on protein deprivation, it was investigated whether lowering of the succinoxidase activity of liver also occurred. The results in Table 4 show that the succinoxidase activity of liver homogenates and mitochondria increased progressively with the increase in the dietary protein concentration, and this also corresponds to an increase in concentration of coenzyme Q in liver. These results are in support of the established role for coenzyme Q in electron transport (Green, D. E., 1961) .
Effect of 8upplementation uwth phenylalanine and coenzyme Qlo in the protein-deficient diet. Additional groups of weanling rats, in the second set of experiments, were kept on 6 % protein diet supplemented with phenylalanine (50 mg./rat/day) in one group and with coenzyme Q (0.3 mg./rat on alternate days) in another. With 6 % of protein in the diet the necessary enzymes for biosynthesis of coenzyme Q would probably be available and the additional phenylalanine may therefore be expected to supply the benzenoid precursor of the quinone nucleus of coenzyme Q. In agreement with this hypothesis, the coenzyme Q and ubichromenol contents have increased, in liver, heart and kidney, on supplementing with phenylalanine (Table 3) . The most marked increase was observed in the ubi- 2-8 17-0 5-6 2-7 16-5 9-3 5-1 4-6 5-3 6-6 8-6 4-6 6-0 5-4 4-6 6-7 4-4 6-0 o 0 w Ca C> P-0 aq C> c~~2 chromenol content of the liver. Spleen and brain showed no significant changes. The succinoxidase, however, showed no increase in mitochondria and, in fact, decreased in the homogenate.
Supplementation with coenzyme Qlo in the 6 % protein diet resulted in increased concentration of coenzyme Q in liver, kidney and brain (Table 3) . Lawson et al. (1961) found that dietary coenzyme Q was absorbed and deposited primarily in the liver. This finding has been confirmed with [14C]_ coenzyme Q10 (Jayaraman, Joshi & Ramasarma, 1963) . After oral administration [14C]coenzyme Qlo was found, to a large extent, in liver
but not in other organs tested, including brain, which is shown to contain coenzyme Qlo as the predominant form (Green, J., 1961) . In view of this the present observation of higher content of coenzyme Q in brain is interesting and probably represents a stimulation of local synthesis. Further, added coenzyme Q decreased the succinoxidase activity in homogenate as well as in mitochondria. Distribution of protein and coenzyme Q in livercell fractions. The results presented in Table 3 show that the amount of protein/g. of liver is altered only slightly with the increase in the percentage of protein in the diet whereas coenzyme Q content increased progressively. From the data presented in Table 5 it is evident that the distribution pattern of protein and coenzyme Q in the liver-cell fractions remained nearly the same irrespective ofthe content of coenzyme Q in the liver and content of protein in the diet.
Absorption of coenzyme Qlo in relation to protein status. Orally administerd [14C]coenzyme Qlo was absorbed by the liver to the extent of 5-6 % in normal rats in 12 hr. This absorption capacity Table 4 . Succinoxidase activity in rat-liver homogenates and mitochondria In the 6% protein diet (a) included DL-,-phenylalanine (50 mg./rat/day) and (b) included coenzyme Qlo (0-3 mg./rat on alternate days). Succinoxidase activity was measured in the Warburg manometer at 30°. One unit is taken to be 1-0 ,ul. of oxygen absorbed/hr. decreased in rats fed on a low protein diet (Table 6) . From the data it is clear that protein helps in the absorption of coenzyme Q.
DISCUSSION
The syndrome of protein deficiency is characterized by loss of many functions and involves several secondary effects in the animal. These could be directly related to the lack of protein or its constituents, resulting either in derangement in enzyme synthesis or the synthesis of essential metabolites or both. It is possible therefore that supplementing with some of these metabolites might help in partial alleviation of the deranged functions.
Coenzyme Q is known to participate in electron transport and possibly oxidative phosphorylation (Green, D. E., 1961) . The coenzyme Q content in liver decreased on protein deprivation and this effect is more marked in weanling than adult rats. This could have been due to a decrease in the synthesizing enzymes or due to lack of phenylalanine, the precursor for the quinone nucleus. It appears that both the possibilities contribute to the decreased coenzyme Q content since supplementation with phenylalanine increased the amount, but not completely.
The succinoxidase activity decreased considerably in the livers of rats fed on a low percentage of protein and this correlated with the decrease in the coenzyme Q content of the livers. Supplementing the diet containing 6 % of protein with coenzyme Q increased liver coenzyme Q content but not the succinoxidase activity. This could be due to either the lack of the enzymes or the inability of extra coenzyme Q to reach the active site. The distribution of coenzyme Q in liver-cell fractions was unaffected at different liver coenzyme Q concentrations.
[14C]Coenzyme Qlo fed in the diet was deposited in the liver and was found to be distributed in the cell fractions, including mitochondria, in nearly the same proportion as the non-radioactive compound (J. Jayaraman & T. Ramasarma, unpublished work) . It seems therefore that the absence of effect of extra coenzyme Q on succinoxidase is probably due to the lack of additional quantities of enzymes in proportion to coenzyme Q. This is also supported by the data on the specific activities of succinoxidase, expressed as units/ ,um-mole of coenzyme Q, which remained fairly constant in the groups fed on 6, 12 and 20% of protein.
We have observed that orally-administered [2_14C]mevalonic acid was incorporated into ubichromenol and coenzyme Q in rat liver and that the specific activity in ubichromenol was higher, suggesting that it may be a precursor of coenzyme Q (V. C. Joshi, J. Jayamaran & T. Ramasarma, unpublished work) . The amounts of ubichromenol, which accompanies coenzyme Q in animal tissues, also showed corresponding increases, particularly in liver, with high-protein diets and with added phenylalanine, but not with added coenzyme Qlo.
These results are in support of the view that ubichromenol is a precursor of coenzyme Q.
Under the stress condition of protein deficiency, the animal, although showing decreased growth in total body weight and weight of individual tissues, appears to conserve minimal protein and coenzyme Q contents in the essential organs, particularly liver, and also maintains the important energyyielding reactions to help survival. SUMMARY 1. Protein deprivation in the diet of adult and weanling rats resulted in lowering the contents of coenzyme Q and ubichromenol in liver and heart.
2. The contents of coenzyme Q and ubichromenol in liver and heart of weanling rats increased with the increase in the percentage of protein in the diet. The coenzyme Q contents of kidney, spleen and brain were little affected.
3. Addition of phenylalanine or coenzyme Q to the diet containing 6 % of casein increased the coenzyme Q content in the liver.
4. The liver-succinoxidase activity markedly decreased as the protein concentration in the diet decreased. Addition of coenzyme Q or phenylalanine to the diet with 6 % of casein did not increase the liver-succinoxidase activity.
We Previous extensive investigations of the neurochemical toxicity of oxygen at high pressure have resulted in a major problem: the neurotoxic phenomena in vivo occurred much more rapidly than did the neurochemical abnormalities in vitro. Exposures of men and animals to oxygen at pressures of from 3 to 8 atm. have resulted in the rapid occurrence of such severe neurotoxic phenomena as grand mal convulsions, commonly in less than 30 min. at the higher oxygen pressures (Donald, 1947a, b; Dickens, 1955) . Experiments in vitro required much longer periods of exposure to oxygen at high pressure before toxic manifestations in brain metabolism could be detected. The respiration of brain slices or homogenates was not significantly inhibited for at least 1 hr. during incubations at even the highest of these oxygen pressures (Stadie, Riggs & Haugaard, 1944 , 1945a Haugaard, 1946 Haugaard, , 1955 Dickens, 1946a Dickens, , b, 1955 . The review by Dickens (1955) reaffirms this problem and states that 'There is thus a discrepancy between the time course of the two processes [in vivo and in vitro] which is difficult to explain if poisoning of the brain respiration as a whole is the primary cause of oxygen poisoning'. With the advent of a better understanding of certain neurochemical processes as well as the use of techniques not available to previous workers, we have reinvestigated the problem of oxygen toxicity, beginning with the study of cell-free dispersions of rat brain.
Homogenates prepared from whole brain have demonstrated slightly more rapid alterations in the presence of oxygen at high pressure than have brain slices (Stadie et al. 1945a; Dickens, 1946a) . Dissolved oxygen is more available to mitochondria, microsomes and other cellular components in dispersions, and the addition of critical enzymes and cofactors can promote and control the optimum utilization of glucose. The observation of a rapid increase in the production of lactate by cellfree dispersions of rat brain at 5 atm. po2 prompted the measurement of 14CO2 production from 14C. labelled substrates during incubation with oxygen at high pressure.
MATERIALS AND METHODS Chemicals. Uniformly 14C-labelled D-glucose (D-[U_L4C]-

